A new function of tetrahydrobiopterin ( BH4) was demonstrated in vitro in which BH4 stimulated serotonergic cells to release serotonin ( 5HT). RBL2H3 cells were pre-loaded with serotonin at 100 J.lM ror 6 hours. The cells were able to release serotonin in response to either 30 mM KCl or 30 nM A23187 up to 2.26±2.06% (n=15) or 9.75 ± 1.38% (n=15 ), respectively. On exposure to 6R-L-erythrotetrahydrobiopterin (6RBH4) at 100 J.lM, the 5HT-Ioaded cells secreted serotonin up to 8.13 ± 1.43% of the cellular 5HT within 60 min . The effect was a concentration dependent response and the half maximum output was observed at 1 nM or lower. Sepiapterin (> 10 J.lM) caused minimal release and 6S-L-erythro-tetrahydrobiopterin (6SBH 4 , ~ 0 .4 mM ) did not cause significant release. The results suggest that the effect of 6RBH 4 was highly stereospecific and that it worked extracellularly.
Introduction
Tetrahydrobiopterin is a cofactor for hydroxylases of pheny lalanine ( 1 ), ty rosine ( 2 ) , and tryptophan (3, 4 ) , and for nitric oxide synthase ( 5, 6) . The natural diastereomer with respect to the C 6-position of the pteridine ring is the 6R-form ( 7, 8 ) ; 6R-L-erythro-tetrahydrobiopterin (6RBH4). Miwa and his coworkers showed that 6RBH 4 evoked release of dopamine and serotonin ( 5HT) with the use of the rat in vivo brain microdialysis technique (9, 10) . Although this is such an interesting phenomenon, the underlying cellular mechanism has not been elucidated. As an in vitro experimental system, we utilized a pure culture of RBL2H3 , a mast cell line derived from a rat basophilic leukemia cell. RBL2H3 cells can synthesize tetrahydrobiopterin . The cells also synthesize 5HT, store it, and release it in response to extracellular stimulation. In this work, cells were pre-loaded with 5HT and its release was examined after administration of 6RBH 4 • This work was presented at lOth International Conference on Pteridines and Related Biogenic Amines (Snowbird, UT, USA, on Mar 8-13, 1998 ) and 5th Meeting of Cytokine and Neopterin (Nagoya, Japan, on Jul 18, 1998). 4 was donated by Suntory Ltd. (Tokyo, Japan). 6SBH 4 and sepiapterin were obtained from Schircks Laboratories (J ona, Switzerland). RBL2H3 cells were obtained from The Japanese Cancer Research Resources Bank (Tokyo, Japan). R.:~L2H3 cells were kept as monolayer cultures in Dulbecco' s modified Eagle 's medium (DMEM) containing 10% fetal calf serum at 37°C under 5% CO 2 /95% air. RBL2H3 cells were plated on a 96-well culture plate (#3595, Costar, MA, USA) at 10" cells/well one day before an experiment. Basal medium for experiments was serum-free but contained 1 mM DTT and 100 U/ml penicillin and 100 f.lg/ml streptomycin in DMEM/hepes (pH 7.2) . Pre-loading of cells with 5HT was performed for 6 hours in the presence of 100 f.lM 5HT in the basal medium. Since cells release some 5HT uncontrollably after removal of exogenous 5HT, they were treated as follows . Cells were rinsed 3 times with 200 f.ll of Dulbecco' s phosphate buffered saline (DPBS, containing Ca 2 + and Mg2+ as in the original recipe), and kept for 40 min in the basal medium, about 20% of the cellular 5HT was released during this period. By four successive changes of the medium (100 f.ll each) with 20 min intervals, 5HT release decreased to below 1% (per 20 min) within 100 min. Prior to use, 6RBH 4 in 100 mM HCI was mixed in the basal medium and neutralized with NaOH. For administration of BH4 or other pterins, culture medium was replaced with the basal mediUlll (100 f.ll) containing desired concentration of the compound then they were kept for 60 min unless otherwise noted. 5HT measurement was essentially as descried previously (11) . To samples, either the medium or the cells, Nmethylserotonin, an internal standard, and PCA were added to make 1 f.lM and 6% (w/v), respectively, then 5HT was measured by highperformance liquid chromatography equipped with a fluorescence monitor (model FP920, JASCO, Tokyo, Japan) set at 302 nm and 350 nm for excitation and emission, respectively. The solid phase was ODS (Finepak SIL C18T-5, JASCO) and the mobile phase with a flow rate of 1 mljmin was a 90:7:5 mixture of 40 mM sodium acetate (pH was adjusted to 3.5 with formic acid), acetonitrile and methanol. By loading 5HT as described in Materials and Methods, RBL2H3 cells accumulated 5HT continuously for at least 12 hours in a saturable manner (Fig. 1) . The extent of accumulation varies roughly between 8 and 15 nmolj 10 6 cells in different cultures. When 5HT-Ioaded RBL2H3 cells as above were exposed to a high potassium medium ( 30 mM KCl was added to DMEM), 2.26±2.06% (n=15) of the cellular 5HT was released within 60 min, and with 30 nM A23187, a calcium ionophore, the cells released 9.75± 1.38% (n=15) of the total 5HT. These observations suggested that the internalized 5HT was ready to be released in response to appropriate secretagogues.
Materials and Methods

6RBH
Results
5HT loading to RBL2H3 cells
Release of 5HT by pterins
When 6RBH 4 was administered to cells, a significant portion of 5HT was released. The release reached 8.13± 1.43% of the cellular 5HT within 60 min in the presence of 100 f.lM 6RBH 4 (Fig. 2) . In order to see the minimal effective concentration of 6RBH 4 , the release of 5HT within 60 min was measured in the presence of low concentrations of the pterin. The release increased by a saturable manner and reached plateau at about 10 f...lM (Fig. 3) . As low as 1 nM pterin showed about 50% of the maximal release. Sepiapterin had little effect up to 1 f.lM. Significant release was observed, however, at the higher concentrations than 10 f.lM (Fig. 3) . 6S-L-erythroTetrahydrobiopterin (6SBH 4 ) showed little effect within the range tested (up to 0.4 mM; Fig. 3 ).
Discussion
6R-L-erythro-tetrahydrobiopterin (6RBH4) was first reported to stimulate release of monoamines in rat eNS using an in vivo brain microdialysis technique (9) . During preparation of this manuscript, Liang et al. reported that the phenomenon was confirmed by rat striatum slices using in vitro superfusion technique ( 12). In order to elucidate cellular mechanisms, we searched for a pure culture system for this work. In preliminary experiments, RBL2H3 cells were exposed to 6RBH 4 and about 6% of cellular 5HT was observed to decrease within 60 min . In order to make our experiments more accurate by measuring larger amounts of 5HT, we loaded cells with 5HT, which increased cellular 5HT 3 to 5-fold (Fig. 1) . In designing an in vitro cell system, we paid much attention to avoid degradation of 5HT and tetrahydropterins which are generally unstable at neutral pH. Dithiothreitol at I mM was employed as a preservative in the basal medium, in which BH4 and 5HT are stable for at least 2 and 6 hours, respectively. The initial release of 5HT after loading was puzzling, then our experiments were performed after the apparent completion of the early release of 5HT as described in the Method section. Functional release of 5HT with the amine-loaded cells was evidenced by typical release of 5HT ih response to typical secretagogues, high KCl and calcium ionophore A23187, as shown in Fig. 3 .
The half-maximal effective concentration of 6RBH 4 in releasing 5HT was roughly I nM or lower. The observed effect of 6RBH 4 was highly stereospecific, since we could not detect similar effect with the diastereomer, 6SBH 4 even at 1000-fold higher concentrations. Further, sepiapterin had least effect which is readily incorporated and converted intracellularly to BH 4 . This observation suggests that the effect of 6RBH 4 was not due to elevation of cytosolic BH4 concentration. In fact, an incubation of the cells with 1 nM BH4 resulted in no detectable increase in BH4 in the cell (data not shown) while it was enough to evoke measurable release of 5HT. High doses of sepiapterin dramatically increase intracellular BH4 concentration ( 13, 14 ) , tor example , 100 ~M sepiapterin elevated intracellular BH4 concentration up to 50-fold in 60 min. The possible leak of BH4 due to such an unusually elevated cellular concentration, however, might caus~ considerable stimulation extracellularly by the leaked BH4 even if it were small amount. The observed positive release of 5HT by sepiapterin at higher concentration than 10 ~M might, therefore, be accounted tor this leakage . This observation leads to a hypothesis that the signal reception might be mediated by a high affinity receptor specific to 6RBH 4 on the cell surface. In order for BH4 to Pteridines/ Vol. lO/ No. 1 function as an extracellular signal transmitter, a rise in extracellular concentration in the nanomolar range must be distinctive from the ambient concentration. In the culture system, extracellular concentration of BH4 could be lowered at will. On the other hand, our knowledge on the concentration of extracellular BH4 in the actual tissues is ambiguous and need further elucidation which must include measurement by non-destructive method since intracellular BH4 concentration IS relatively high m serotonergic cells m the relevant tissues.
